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ABSTRACT 


Coventional quantitative echocardiographic methods for estimating left 
ventricular (LV) function from measurements of internal diameters are limited by 
their reliance on (1) satisfactory echograms of the LV cavity so that the minor 
axis can be measured, and on (2) assumptions of prolate ellipsoid configuration and 
uniformity of contraction. 

Hemodynamic measurements of the rate of rise of left ventricular pressure (dp/dt), 
or the aortic ejection velocity (V), or aortic acceleration (dV/dt) have been used to 
characterize myocardial contractile function, but they also suffer from drawbacks, 
depend on loading congo eR ne require invasive methodology. 

In this study the easily recorded mitral valve echogram was used to study LV 
function. It was proposed that the dynamics of anterior mitral valve leaflet (AMVL) 
closure are determined by the same forces, in early LV contraction, which generate 
pressure and culminate in aortic ejection. 

In order to determine whether or not the AMVL echogram could reflect alterations 
in dp/di and d2p/di-, and V and dV/dt, simultaneous mitral echo, LV pressure and aortic 
ejection velocity were recorded in 18 dogs and the signals were differentiated electronically. 
In 52 patients undergoing diagnostic cardiac catheterization the mitral echoes were recorded 
in all,and together with high fidelity LV pressure and velocity in 10 patients. 

The echocardiographic measurement of peak mitral closing velocity (peak ds/dt) 
corresponded to the BC slope of AMVL closure, and in the dogs correlated significantly 
(<0.001) with peak dp/dt (r = 0.73, N = 380), peak d@p/dt2 ( = 0.62, N=3ll), 


peak V (r =0.82, N = 295), and peak dV/dt (r = 0.67, N = 288). The peak mitral closing 
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acceleration (d2s/dt) also correlated significantly with peak dp/dt (r = 0.75, 
N=330), peak d@p/dt? (r = 0.63, N = 309), peak V (r= 0.83, N = 295), and 
peak dV/dt (r = 0.66, N = 288) in the dogs. The average peak ds/dt and d2s/dt2 
were 26.96 + 9.04 (SD) cm/sec and 1526 + 582 cm/sec respectively under basal 
conditions, 39.7 +15 cm/sec and 2244 + 890 cm/sec2 respectively after iso- 
prenaline, and 20.9 + 10 cm/sec and 1140 + 624 cm/sec’ after propranolol. 
These changes followed directional changes in peak dp/dt, V and dV/dt with 

the interventions. 

In the human study, the average peak ds/dt was 25.5 palate, cm/sec in 
6 normal subjects, 26.0 + 8.3 cm/sec in 24 patients with coronary artery disease 
(CAD) but normal resting LV end-diastolic pressure (LVEDP) and 16.9 + 4.3 
cm/sec in 12 CAD patients with elevated LVEDP (> 14 mmHg). | 

Again peak ds/dt correlated with peak dp/dt (r =0.93, N= 6) and V 
(r=0.81, N=10). Also peak d2s/dt2 correlated with peak dp/dt (r = 0.76, 
N=6)and V (r=0.91, N=8). 

The manually derived values of the BC slope from the strip chart recordings 
of the mitral echo at speeds of 200 mm/sec correlated with the electronically 
derived peak ds/dt (r = 0.93, N = 40) in both man and dogs. 

Thus, peak mitral closing velocity and acceleration of the AMVL echo can 
be used in the non-invasive estimation of peak aortic ejection velocity, peak 
aortic acceleration, and peak dp/dt, providing non-invasive indices of myo- 


cardial contractile function. 
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INTRODUCTION 


A non-invasive method is proposed for the assessment of myocardial left 
ventricular function in man by the analysis of the mitral valve echocardiogram 
obtained by M-mode echocardiography. The major currently used echocardio- 
graphic methods (1-12) for assessing left ventricular function utilize measurements 
of left ventricular internal dimensions to calculate either volume or circumference. 
Both methods are adopted from the angiographic method (3-4, 13) and therefore 
assume that the ventricle is a prolate ellipse. They also assume that the ventricle 
contracts uniformly. Furthermore, the formula for calculating volume assumes that 
the long axis is approximately twice the short axis and that the echocerdiographic 


(2-3) 


dimension approximates the minor axis , while the formula for calculating the 
mean rate of circumferential fibre shortening (mean Vcr) assumes that the left 
ventricle is circular in its short axis and requires ejection time to be measured from 

the carotid pulse or the aortic valve echogram. Since mean Vcr attempts to estimate 
overall performance while looking at only two areas of the left ventricle, the measure~ 
ments are distorted in the presence of segmental ventricular disease. 

Because significant errors result in the estimation of cardiac output (21) from 
echocardiographic volumes, investigators in this institution (22,23) have recently 
used echocardiographic measurements of the systolic closure slope of the anterior 
mitral valve leaflet (AMVL), the aortic root diameter, and ejection time from the 
aortic root echogram to estimate cardiac output. The assumption was made in this 


method that the systolic closure velocity of the AMVL was a measure of the mean 


aortic ejection velocity. Statistically better correlation was demonstrated between 
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resting cardiac outputs by the standard Fick method and that derived by using this 
echographic method (r = 0.90) than by using the volume method (r = 0.58). 
However, the measurement of cardiac output at rest is not an accurate index 
of cardiac performance and is often normal in the presence of diseased ventricles 
(24), Other conventional indices of cardiac function based on the force-velocity- 
length relation also have limitations set by assumptions of ellipsoidal geometry and 
validity of the models used in their formulation (29-26), {+ has recently been 
suggested that the maximum acceleration of the blood ejected into the aorta in 
ventricular systole may be a more sensitive index of myocardial performance (27-33) | 
The purpose of this study was, therefore, to explore the hemodynamic correlates 
of mitral valve closure, and to define the relation between mitral valve closing 
velocity and acceleration to aortic ejection velocity and acceleration, and to 
indices of left ventricular contractility. Thus, it was proposed to determine whether 
the mitral valve echo from M-mode echocardiography can be used as an estimate of 
overall left ventricular performance and contractile function in dogs and in the 


clinical setting in man. 
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BACKGROUND INFORMATION 


Cardiac dynamics and indices of left ventricular function 

Since the major function of the heart is to pump blood, methods to assess 
cardiac function have centered on techniques that examine the heart$ action as a 
pump. Abbott and Mommaerts (34) Sonnenblick and others (35,36) provided the 
physiologic basis for such methods by applying Hill's force-velocity-length 
relation of skeletal muscle (38) to cardiac muscle, that is, the velocity of shortening 
is inversely proportional to the magnitude of developed tension. 

There are two important consequences of this step. Firstly, a basic difference 
between skeletal and cardiac muscle physiology became evident. Thus, in skeletal 
muscle there is a single, essentially fixed, force-velocity curve at a given length, 
so that force and velocity are always related to each other in the same manner. 
Contractile activity of skeletal muscle is increased by recruitment of additional 
fibers while the contractility of each individual fibre remains constant. In contrast, 
the number of cardiac cells activated during each contraction remains constant, and 
contractile activity of the myocardium may be shifted by changes in end-diastolic 
fibre length and in contractility, both of which shift the myocardial force-velocity 
curve (38-40) , 

Secondly, since contractile activity of muscle may be expressed in only one 
of two ways, shortening and development of tension, the thrust of cardiovascular 
research has been the development of approaches for analysing performance of the 
intact heart quantitatively and reproducibly in terms of changes in length or volume, 


and tension. Asa result, three major factors (24,25) influencing ventricular pump 
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function have emerged: (1) Preload, which is related to the end-diastolic volume 
or end-diastolic fibre length of the ventricle as determined by the force or stress in 
the wall during diastole. (2) Afterload, which is related to aortic pressure and 
represents the resistance or load which the ventricular muscle encounters once it 
begins to eject, and is also a function of ventricular size , geometry, wall thick- 
ness and intracavitary pressure. (3) Contractility, or inotropic state of the 
ventricle, related to the maximum velocity of contraction (Vmax). A fourth 
factor (25) js coronary blood flow, which influences myocardial performance in 
the presence of contraction abnormalities in ischemic heart disease. 

Attempts to isolate these factors in defining cardiac function in intact heart 
(25) 


have not been successful . The three currently used methods measure 


consequences of shortening and tension development in terms of volumes, flow 
rates and pressures in pre-ejection and ejection phases of systole (41-42) | 

The first approach consists of the application of the Frank-Starling mechanism 
to measure directional changes in cardiac output, filling pressure, and ejection 
fraction at rest and under stress in diseased versus normal ventricles. Stress is an 
important factor in this approach because values of these hemodynamic variables 
under resting conditions are often within the normal range in diseased states (24) | 
Unfortunately, there is a limit to the amount of stress that can be safely used, so 
that theoretically useful indices, such as the maximum cardiac output which a 
patient's heart can attain cannot be measured. 


The second approach consists of the angiographic quantitation of myocardial 


contractile function. Thus Gault, Ross and Braunwald (43) showed that by 
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measuring left ventricular dimensions throughout contractions from high speed 
cineangiography together with high fidelity intraventricular pressure to derive 
myocardial wall forces, fibre length, and characteristics of fibre shortening, 

specific abnormal contractile patterns in left ventricular disease can be identi- 

fied which are due mainly to decrease in extent and velocity of fibre shortening 
associated with decrease of wall tension during contraction. The sensitivity of 

the method is evident from their demonstration of similar cardiac outputs in the 

presence of decreased velocity of myocardial fibre shortening (Vcf) at any level of tension 
in primary myocardial disease without valvular regurgitation. 


(43) 


The same investigators estimated the velocity of contractile element shortening 
(VCE) from the measured Vcfe Since the coefficient of series an element in 
man is not known and may differ in the normal and abnormal left ventricles the 
problem is circumvented by considering the point of maximum tension. At this 
point, stress reaches a maximum and is not changing, so that the rate of stretch of 
the elastic element is zero (Vsp = 0 where dP/dt =0) and VcF equals Vcr 
(from Vcp =Vce+Vse). Although VcE provides an accurate measure of myo- 
cardial contractile state (24) both VcE and Vcr are load-dependent (25) | 

The third approach attempts to characterize the contractile state of the myo- 
cardium by measuring the peak of the first time derivative of ventricular pressure 
rise, or peak dp/dt (44-45) and this depends on the use of special catheters with 
high-fidelity micromanometers at their tips or direct ventricular needle-puncture, 


Although peak dp/dt is a sensitive index of the contractile properties of the heart, 


being augmented by positive inotropic agents and diminished by myocardial ischemia 
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and cardiac depressant drugs , many variables unrelated to the inotropic state affect 
peak dP/dt, especially loading conditions (44-48), Thus peak dP/dt is increased 
by increasing preload (end-diastolic pressure and volume), or afterload ( raising 
arterial diastolic pressure and thus delaying aortic valve opening), or heart rate 
(partly by intrinsic increase in contractility or Bowditch effect, and partly by 
increased sympathetic stimulation ), In addition, it is affected by the pattern of 


ventricular activation. Efforts to find a better index of contractility which is not 


46) 


load-dependent have led to the use of new indices as the time to peak dP/dt ( ; 


or the second time derivative of tension development peak d2p/dt2 (49,50) | 
A different approach has been to correct for end-diastolic volume changes by 
normalizing the first and second derivatives of left ventricular pressure to the 
simultaneous isovolumic pressure (48,50) and to correct for aortic diastolic pressure 
changes by normalizing to the maximal developed isovolumic pressure common to 
control and altered states (51), Thus, Nejad, Klein, Mirsky and Lown (50) showed 
that there was no significant change in the normalized peak dP/dt or peak d2P/dt 
with varying afterloads and end-diastolic pressures from 4.5 to 14.0 mmHg. 
However, the rationale that the normalized first derivative , (dP/dt)/P may 


be employed as an index of contractility (50) also derives from the Hill model for 


skeletal muscle contraction, and the assumption of ellipsoid geometry of the ventricle. 


Thus: Vcp = Vee + Vse = (db/dt)/b + (de/dt/Ke 


where VCE = Contractile element shortening velocity, 


‘ieee Circumferential fibre shortening velocity, 


V 


Rate of lengthening of the series elastic component, 
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and b = midwall radius at the equator of an ellipsoid of revolution, the 
assumed shape of the ventricle, 
k = stiffness constant obtained from both papillary muscle and intact 
dog experiments (35,52) 

During isometric or isovolumic contraction, Vcr =0, and therefore: 

Vigs S1gs > (do/dt)/Ke 
Since stress (©) is the product of pressure and geometry, it may be written as : 

ao = Cp, where C = constant which depends on ventricular geometry. 
Substituting for a, we obtain: 

VceE = (do/dt)/Ka’ = C (dp/dt)/ KC, =(dp/diYKP 
Although extrapolation of the force-velocity curve, or the VCE versus pressure 
curve to zero load yields an approximation to the maximal intrinsic velocity of 
contractile elements ($4,35,53) or Vmax, Nejad et al (99) found that although 
Vmax remained constant at low-end-diastolic pressures, if was depressed by as much 
as 25% at higher values, namely 10.5 to 14.5 mmHg. This confirms findings of 
others that directional changes in Vmax tended to parallel those in peak (dp/dt)/P 
over the normal range of end-diastolic pressures and volumes (24, 53), Peak (dp/dt)/p 
and peak (d2p/at2)/P thus provide simple means of evaluating contractility, but 
require that high fidelity ventricular pressure tracings are obtained (50,54,55) | 
Extrapolation to zero pressure, which does not exist in the left ventricle during 
isovolumic contraction, can therefore be avoided in failing hearts with high end- 
diastolic pressures, when extrapolation over large distances to Vmax would give low 


(56,57). 
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Nevertheless, a specific index of contractility which is entirely independent 


(58-62). (62) 


of load is yet to be found Kreulen et al compared several indices 


and concluded that a combination of methods are required to detect all ventricular 


(42) 


dysfunction. Peterson et al compared isovolumic and ejection indices of 
contractility and found that while isovolumic indices as Vmax and (dp/dt)/p 


separated normal and diseased populations, ejection phase indices as mean VCF and 


mean normalized systolic ejection rate were better. 
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Aortic ejection velocity and acceleration as indices of contractility 
ee ee ee ee ee ee 
An alternative approach to assess ventricular performance is the measurement 


(63) 


of aortic blood flow velocity, an ejection phase index. | Rushmer first drew 
attention to the fact that the ventricles acted as impulse generators and that the 
initial ventricular impulse, defined as the product of force and time, was a useful 
index of ventricular performance. Spencer and Greiss (64) related the rapid 
acceleration of blood in the aorta to the driving pressure gradient across the aortic 
valve. The pressure difference reached its peak during the first part of systole, at 
the same time as the peak ejection velocity of about 88 cm/sec was achieved under 
an initial average acceleration of 4650 cm/sec?. This peak was followed by a 
progressive decline in flow rate and a deceleration of flow, leading to reversal of 
the pressure gradient. Thus, it became apparent that left ventricular ejection of 
blood not only requires tension to be developed and maintained during shortening, 
but the energy must be imparted to the blood to develop velocity and acceleration. 
It follows from Newton's second law of motion, Force = mass x acceleration, that 
the maximum acceleration is proportional to the force applied to overcome the inertia 
of blood, The maximum acceleration in the ejection phase is a function of the force 
developed in the isovolumic phase. 

The relation between aortic acceleration and contractility was studied by Noble 
and his associates (27), They demonstrated in conscious dogs that changes in peak 
(dp/dt) produced directional changes in the maximum force exerted by the heart in 
initial systole (stroke work and power) and in peak acceleration (peak dV/dt). 
Computer plots of their data are shown in Figure 1, That such a relationship 
(65) 


exists is not surprising as can be seen from Levine and Britman's equation for 
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the derivation of VCF. They assumed the ventricle to be spherical, so that its 
volume is given by V = (4/3)yer9 and the circumference by 2nv By differentia- 
tion, one obtains: 
dV/dt (Aortic flow rate) = 471 r2 (dr/dt) 
and substituting for Vcp = 2 TT (dr/dt), 
Vcr = Aortic flow rate / 2r2 

Noble et al (27) also found that following myocardial ischemia, decrease in peak 
acceleration occurred earlier and were larger than decreases in peak dp/dt, 
suggesting that peak acceleration was a more sensitive index of myocardial 
contractility. 

The force necessary to overcome inertia in early systole has been the subject 
of various studies (66-68), Thus Noble, Gabe and Trenchard (67) collected data 
to confirm the inertial effect of initial rise of aortic pressure, while Wilcken, 
Charlier and Hoffman (68) showed that an inverse relation existed between resistance 
to ejection, stroke volume and peak flow rate, Later Noble et al (69) showed that 
increasing preload leads to an increase in theactive portion of systole during which 
accelerative forces are applied to ejected blood, thus producing higher peak velocity. 

In 1974, further evidence to support aortic acceleration as a useful index of 
myocardial function came from four other groups of investigators (29-32) | In 1976, 
Kolettis et al (29) found that while aortic velocity and acceleration correlated well 
with stroke volume, they did not correlate with the peak dp/dt. Moreover, support 
of the concept that the force for ventricular ejection develops in the pre-ejection 
period (PEP) came from Reitan et al (28) who found a close correlation between 


peak aortic acceleration and the inverse square of the pre-ejection period (1/(PEP)2). 


i 


otk 


coal stuaacet..pimaciz2) loitegeynt pe 
(oe 


qs Anad of 


Inthanocs m7 


o xsbni avitiz faz Sim oO cby 
' 


ton | due ert noc 


he rd ol ality? vhs nm ovis 


; ne 
stint betyalhos'' 


es 7 


a wot. ahi " HONE 


Ms 
STS =a 


} 


rat oti ayttted 
Aq { 


~ 
j " 
4 


A 


7 
aired = ya¥ © 
x 

valig? 4a t 


7} 19h norty WE i ie 


nae! a 


“6 


* 
“ae 
SMATISVO | /IDFESI9N SIT 
} Pu deo, Stade uaT © (Bor bias 
to ros ut nhig Ssoye! \e ao eur! 2o10u PA 
roan iWe gitiw 1! g974 The (ae, q4 $)* + ot ww +1054 inte 1} art —_ a 
5 
sonmtilzet aveW iad bite! neliplss anevil no tort Mauro: (oS) omit ta ae) 
feat’ earn 2 aad 
, teat boworle RS) tes te atdlelA 1840! stor wort seg Brin’ siratiovie 
doidw goiwb sloteys le qtoitog faytiad sot. 67 


f. Gi srests} 
tlaeldy sang sedeit grisuiborg curit ,boold batoajs ci be 


te weber luteven © 2 NODS Goo oT 


Mian hicaque af 
cot Sh«0§ 
tn 2 _ 


ee 

2) 
attagitzevai to equoip yHecwol moil enws noftenut Iptiatos 
- be nlessad nolidiolosoc bio yiisolsy site ality godt bau (S3).4¢ 


jgme nokta} o 


ois 
qo rot whee: booheag gel 


9c ior awit 


fooyvs ps its Ora : 


i = 


aslonte 
Wobnoting} aj8 a 1015 nt orlt todd 
7 eo i — bie te 
mn . av 
(ngitaeise 


pe 
ut bop 


The measurement of aortic velocity, however, has inherent problems because 
electromagnetic flow meters assume an axisymmetric flow profile, so that it is 
necessary to ascertain that the tip of the catheter lies in the middle of the stream 
of ejection for reliable measurements as done by Katz and Mills (70) Another 
problem is the distance of the catheter-tip from the aortic valve because of the 
complexity of fluid dynamics in the aorta (7!) due to its shape, wall properties 
and its effect on pulse transmission. Three other methods of recording velocity 
are based on different principles and they also have limitations: the pressure 
gradient method (72) meets with difficulties when pressures are small; the thermal 
devices (73) are unable to sense directional flow and are non-linear, and the 


Doppler ultrasonic method (74) Uses a catheter-tipped device. 
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Echocardiographic evaluation of left ventricular function from measurements on 
the ventricle, 

The growing interest in echocardiography and expansion in its applications 
have suggested that it could be used in the non-invasive evaluation of left 
ventricular function. 

Three quantitative methods are currently available and each of them have 
serious limitations, The first widely used method (1-12) is the determination of 
left ventricular volume (LVV) from echo measurement of the left ventricular internal 
dimension (LVID). Volume is calculated from the formula (1); 


LVV = 49¢ 2(LVID) (LVID) (LVID) = 1,047 (LVID)3 
Sree (eee 2a Dy 


Reliability of this method depends on five assumptions (5) made in using the formula, 


and these are: (1) that the shape of the left ventricular cavity is a prolate ellipse, 
as in angiographic methods (13) ond deriving indices of contractility (25). (2) that 
the left ventricular chamber contracts uniformly ; (3) that the two short axes are 
equal, that is the short axis of the left ventricle is circular; (4) that the echocardio- 
graphic internal dimension approximates the short axis, because this correlates best 
with angiographic measurements, while in fact it is most likely intermediate between 
the short and long axis; and (5) that the long axis is twice the length of the short 
axis. 

The first major assumption requires to be corrected for in the presence of very 
small or dilated ventricles, A formula has been introduced anon attempt to 
correct for departures from the prolate ellipsoid model when the long axis is no 


3 
longer equal to twice the short axis: V = 7.0/(2.4+LVID ) 
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However, the second assumption that the left ventricle contracts uniformly 
is the greatest source of theoretical and practical limitation of the method because 
of the sampling problem. Thus two areas are sampled and the manner in which 
they contract is used to reflect the motion of the rest of the ventricle. Erroneous 
estimates can therefore be expected in the presence of segmental abnormalities 
commonly present in coronary artery disease, as Teicholz, Kreulen, Herman and 
Gorlin (11), and others(7,8) have demonstrated. The error is specially marked 
during systole, so that estimates of stroke volume and ejection fraction, which 
are derived using the systolic left ventricular internal dimension (LVIDs), will be 
distorted in the presence of non-contracting segments. The advantage of estimating 
ejection fraction non-invasively is somewhat minimized in the presence of segmental 
disease. The diastolic internal dimension (LVIDd) , however, is an accurate and 
valuable measurement, and correlates well with diastolic ventricular volume even 
in patients with coronary artery disease (75-76) | 

The second widely used measurement is that of the mean rate of circumferential 
fibre shortening (mean Vcr) (12, 420) and it measures circumference change 
rather than volume change. It requires the additional measurement of ejection 
time (ET), which was originally derived from the rise of the posterior left ventricular 


endocardium, while the carotid pulse or the aortic valve echo is now used, The 


formula used is based on the same assumptions made in measuring internal dimensions: 


Mean VcF =xLVIDd -2xLVIDs SS INAIB ey ay BAIS 
ata [Dax SET LV iDamx El 


Since it is adopted from quantitative angiography, this measurement suffers from 


the same drawbacks as the estimate of ejection fraction from volumes. A third 
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approach has been to measure the rate of rise of the posterior wall echo (19, 77-82) 
to quantitate myocardial performance. Unfortunately, the dominant echo in the 
earlier studies probably involved the left ventricular epicardium, although Cooper 
and his associates (14) have recently suggested that the rate of motion of the 
posterior endocardium may be useful in assessing myocardial contractility. Again 
this approach has drawbacks in the presence of segmental abnormalities. 

Some investigators have correlated left ventricular wall thickness by echo with 
measurements obtained from angiography, surgery and autopsy (83,84). {+ appears 
the echo measurement may be superior to angiographic measurements which are prone 
to errors during systole, due to the presence of trabeculation or variable amounts of 
pericardial effusion present in patients with heart disease. Other investigators have 
used estimates of left ventricular wall thickness and volume to derive left ventricular 
mass. Although the value of these measurements in studying cardiac performance is 
doubtful, altered systolic thickening in ischemic myocardium 86 and segmental 
abnormalities in wall and septal motion 87 in coronary artery disease using M-mode 
sector scanning provide useful quantitative information. It may be possible in the 
future to quantify these abnormalities. 

Thus, in patients whose veniricles contract uniformly and have no gross distortion 
of shape, as in valvular heart disease or cardiomyopathy, echo measurements of 
internal dimensions to derive volumes and VcFf are useful in estimating overall left 
ventricular performance. But in the presence of segmental abnormalities, as commonly 
found in coronary artery disease, these echo measurements are often erroneous. 
Nevertheless, besides limitations set by theoretical assumptions made in the formulas, 


errors can arise from poor technique and improper placement and angulation of the 
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Pane ec cniGOsidnReceatiniivareiudies: 


(88) 


Thus, the success in obtaining satisfactory echograms 
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Echocardiographic evaluation of left ventricular function from the mitral valve 
echogram 

Eversince Edler (89,90) drew attention to the characteristic pattern of moti 
of the mitral valve leaflets and its distortion in disease, the mitral valve has 
occupied a central position in echocardiography. There are several reasons for 
this: (1) its characteristic "M" - appearance in diastole is easily recognized , 
(2) it is the easiest structure to localize and record, (3) it serves as a landmark 
in identifying other structures, (4) it provides information about transducer direct- 
ion and helps to ascertain that the same portion of the left ventricle is traversed 
in measuring ventricular dimensions, and (5) it is useful in the diagnosis of various 
forms of valvular and congenital heart diseases. 

However, attempts to use various parameters derived from the mitral echo to 
estimate left ventricular function have not achieved the popularity that measure- 
ments of left ventricular dimensions have. This may partly reflect the fact that 
the mitral valve is a complex structure with a complex motion pattern. In 1967, 


(91) 


Zaky, Grabhorn and Feigenbaum observed that the echo from the mitral valve 
ring resembled the inverted pattern of the ventricular volume curve and postulated 
that its motion was related to the stroke volume. In 1975, important contributions 
from two other groups of investigators (92-94) + dicated that indices derived from 
mitral valve motion may give hemodynamic information concerning overall ventricular 
performance. They found that the timed pattern of motion of the anterior mitral 


valve leaflet (AMVL) echo is strikingly similar to the timed patterns of transmitral 


flow (92) and to the radiographically recorded motion of radio opaque clips placed 
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(93), 


on the mitral valve These findings validate that the mitral echo indeed 


reflects the AMVL motion (73) , and that leaflet motion follows the blood flow 
pattern across the valve CAN 

The same two groups of investigators (92-94) provided additional evidence to 
support that characteristics of the AMVL motion reflect myocardial performance. 


92) showed good correlation between the diastolic closure 


Thus, Laniado's group 
slope (EF) and cardiac output (r = 0.99), and confirmed previous findings (95) 

that flow across the mitral valve starts as soon as left atrial pressure exceeds left 
ventricular pressure. They also found that the EF slope can be reduced in other 
disease states besides mitral stenosis, in support of findings by Duchak and others (76) 
who described the "false" mitral stenosis pattern in patients with decreased left 
ventricular compliance and decreased rate of filling. In these patients, the 
distance or area between the anterior and posterior leaflets is slightly reduced 
because of reduced flow(?”), Pennock and his associates (78) found that the 
opening slope (DE) is also a possible indicator of mitral flow, and it is decreased 

in the presence of elevated filling pressures (99), 

While Laniado's group (92) concerned themselves mainly with early and mid- 
diastolic events, Pohost and his associates aes) have provided the precise echo- 
cardiographic definition of mitral opening and closure in the dog and man, 

Mitral valve closure was previously thought to occur either at the most posterior 
point on the AMVL echo, called point C (100-103) oF before point C (104) or at 
the point of coaptation of anterior and posterior leaflets, also called point C (99, 103), 


Parisi and Milton (105) | on the other hand, demonstrated that mitral closure preceded 
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the mitral component of the first heart sound by 20 msec. The findings of Pohost 
et al (93, 94) clarify this apparent controversy. They found that the mitral echo 
was a reliable indicator of the hemodynamic markers of opening and closure. 

They recognized that the conventional C point was occasionally difficult to define 
and coincided best with the mitral component of the first heart sound (100-104) | 
which is known to lag the hemodynamic crossover by 25 to 30 msec (100) | 
Furthermore, they labelled the termination of the final rapid posterior motion of 
the AMVL in end-diastole as C,, and showed that Cy preceded the hemodynamic 
marker of mitral valve closure, that is, the onset of left ventricular systole by 18 
to 37 msec in man (94) and 20 msec in dogs (93) , 

Qualitative analysis of mitral valve motion has provided further understanding 
of the mitral valve closure mechanism, The interplay between left atrial pressure 
and left ventricular pressures have repeatedly been demonstrated to influence both 
opening and closure. The finding of striking premature closure in patients with 
severe aortic regurgitation and elevated left ventricular end-diastolic pressures (99) 
was thus probably related to regurgitant aortic blood elevating the left ventricular 
end diastolic pressure beyond the left atrial pressure, an alternative explanation 
being that the backflow alone closed the mitral valve. However, in one patient 
who was in sinus rhythm, the leaflets could be seen to abruptly come closer together 
but they still remained separated until final closure after depolarization (99) it may 
be that partial closure was also followed by final closure in the other patients as well 
but could not be easily recognized from the echo because of problems in resolution. 


Nevertheless, striking features appear in the AC portion of AMVL closure with 


elevation in left ventricular end diastolic pressure (LVEDP). In the normal patient, 


pee prinsge io i yale gilt to vs iil 
. = 


. oniiabot tivsitte lic: 1oteaaad ri an 5 eran avno2 art tovit shai * 
or ONtyiy, biwor Toor teri? art le i a lard berttion etl! dtiwtase bebion 


ri ‘ 
MOD). suanPO8 ot 20 vd waved fee ea nt a? golot woreda 


- 


. . « ,] “' | 7 -. . pe ii al 
Fo-neildm WirsI0g Wignr lonit act to pdb silt betlsdul -yert eter 


s m uo i --— nt 4 ae =! i 4 7 \ wit 
stitonyvsemnad sft babsos7g g~ font bewor2 bro , pe 2 slotanih-bne ml pean 


2 4 * - " » . at trad ng 3 als 7 2 mn 
87 vd Sloleve velusttriey 1-10 tsa art .2r fod? \stus0i2 eviov teiti tanto. 8 hal on 
: 1 q 
ogi: : 7 BO o ht 
Ae ecb ai sam Of boo) nad af See Cot 
: ie — 


eoibaminebay wrirut bsdivetd if noite ov By lovin to 2leylons svitetitava Bs he 


2 ahi 
supene letite Hel esowied ywhdretdi oll” ymnainonsom squrclo elovdetay at 


5 i ‘ H os @ uh =~ ! 4 ay - 'h 
dtsd-esneutal ct ba tirtoreh ised yibeineqe') evo! ssquece1q Toles tte , sal 
@ ~ - m 
iw zine6g nt stdalo_siutomeng giianiz ie opibail ott. .sasap ef gptten o 


Cu - : : pe 
af ‘ «i a f ‘ * ; - ) —o all ie Oca cP | niet 
(%) ere SNGMOIG=BS Ww. si Tine 176 ystavalo bye noltoti ott cia ae 


- 


wlustitesy fel ant anitevols book! sthontaetlawpstot boteles vlads on we 
— 


\~ 


nelterwiqee svitonts loan swear lbittb flail off bnoved stumend siteny sidiadh x19 


{fipinq-ate “i yao seirtoe beatin ty baels onolt woltdoad- ot: ’ 


‘wera get weels sine Yhiquide-ct mage od tlues/2taRibel ont rarltyelt aunt Lia 

ped Hf A wn tastrolagob sath swale Jewit Wtnw beterode: b best iomae lt he yee 
ita 7 

véols Iolthiag tnd 
= i 


Sail 


Nave ra vat ott nt oweols joan e Kowelict oile enw 59 


eo 
not phlei 40 janet i Penis lize 09 rd. hn bi 


tN Hi meinen esa wae “ ine a yee 


os 
(9¢ sib by a tee he ae 
7 7 7 


a 


19 


the final closure of the AMVL represented by the A to C portion reflects a 

combination of two events, atrial relaxation and isovolumic ventricular systole(103), 
The mitral A wave follows the P wave of the electrocardiogram (ECG), and the A 

point (or often A’) marks the beginning of atrial relaxation, The AC portion is 
usually smooth, so that the B point corresponding to the R wave of the QRS complex 

on the ECG may not be obvious from records made at conventional speeds (25 to 

50 mm/sec). The leaflets are thought to close completely to point C after the onset of 
ventricular systole, 

In the presence of elevated LVEDP (99, 107, 108) secondary to marked rise in 
left atrial pressure, as is usually seen with decreased ventricular compliance in 
hypertrophy, fibrosis or coronary artery disease, there is a rapid rise in left atrial 
pressure following atrial systole with instantaneous rise in left ventricular pressure, 
followed by an early crossover of left atrial and ventricular pressure curves resulting 
in an early onset of mitral valve closure and an early A point. The pressures nearly 
equalize prior to ventricular systole so that mitral valve closure is interrupted at 
point B coinciding with the onset of the QRS or the R wave on the ECG. The final 
closure, from point B' to C, or B' to C,, occurs at a higher left ventricular pressure, 
as a result of which the AC interval is prolonged and a BB' shoulder appears. 
Konecke et al ‘?”) have found by recording echocardiograms simultaneous with 
cardiac catheterizations that a PR minus AC interval less than 60 msec can be taken 
to indicate an LVEDP greater than 20 mm Hg and an atrial component of at least 
8 mm Hg provided the PR interval is greater than 140 msec. Since the left ventricular 


diastolic pressure is initially low, the DE slope and amplitude of mitral valve opening 
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in these patients was found to be normal, Using computer analysis of AMVL 
and left ventricular wall echo motion in early diastole, Upton et al (109, 110) 
found abnormal ventricular dimension during isovolumic relaxation. 

An alternative explanation for the prolongation of C noted by Konecke et 
al(?9) is that it is caused by altered contractility rather than increased LVEDP. 


(111) also found that the duration of the BB' 


However, Feigenbaum and associates 
shoulder was prolonged by increasing LVEDP. Thus they showed that the BB! interval 
decreased from 0.06 to 0.02 sec as LVEDP decreased after amyl nitrite in one patient, 
and increased from 0.01 to 0.04 sec after the afterload was increased with neo- 
synephrine in another patient. 

Nevertheless, the exact relation between mitral valve closure and LVEDP remains 
unsettled, and Yow and Reichlek (112) were unable to reproduce the findings of 
Feigenbaum and his associates. This may be due to the heterogeneity of the 
population of patients with elevated LVEDP. Thus, while some have LVEDP due to 
an elevated atrial component, others have an initially high LVEDP (99) | In these 
patients, the mitral valve opens against a high LVEDP and blood flows into a dilated 
ventricle which is only partly emptied, the DE slope is diminished, and a larger 
percentage of ventricular filling may follow atrial systole so that AC amplitude 
may be increased (108) , 

While most investigators measured slopes in early or mid diastole, a method was 
developed in this institution (22,23) utilizing the systolic closure slope of the AMVL, 


defined as AC or BC, to calculate cardiac output. The formula was derived from the 


conventional hydraulic formula, but the assumption was made that the closure slope 
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measured the mean aortic ejection velocity. Thus: 


Cardiac output = Aortic area x Ejection time x Heart rate x Mitral closure 
slope 


A good correlation (r = 0.90) was demonstrated between cardiac outputs derived 
by this method and the standard Fick method in patients with or without asynergy 
determined by angiography. Cardiac outputs derived from the conventional echo 
method showed a lesser correlation. Thus, simultaneous echocardiographic and 
hemodynamic observations have revealed various abnormalities in the mitral valve 
echo. Attention has recently been drawn to the final closure of the anterior mitral 
valve leaflet and attempts are being made to use the slope as a measure of myo- 


cardial performance. 
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Role of ventricular contraction on the dynamics of mitral valve closure 


Studies of mitral valve motion using a variety of different techniques have 
indicated that the valve opens widely in diastole, moves steadily towards mid- 
diastolic closure, and then reopens with atrial systole before resumption of closur2 
in end-diastole (92-95, 97, 113-118) | 

Three mechanisms which depend on ventricular filling have been suggested 
for the mid-diastolic closure. Firstly, blood flowing into the ventricle is thought 
to cause negative pressure changes (Bernouilli effect) which reverses the polarity of 


113,117, 119, 120). 


gradient across the valve ( Secondly, resistance to ventricular 


filling is thought to generate vortices which apply forces on the ventricular surfaces 


(MISTS aI Zip 122). 


of leaflets Finally, the distension of the ventricle after rapid 
filling is thought to pull the roots of the papillary muscles away from the ring and 
transmission of this pull through the chordae to the edges of the leaflets draw them 
ponardctece others a We 

Three major mechanisms have also been suggested for the closure in late diastole. 
The first two were proposed by Henderson and Johnson (119) in 1912, They believed 
that the primary mechanism was mediated by negative pressures created by the forward 
acceleration that followed atrial contraction and forced the leaflets into apposition, 
as for mid-diastolic closure. They also believed that ventricular contraction provided 
the secondary mechanism to complete valve closure, The third mechanism was proposed 


by Bellhouse (113) ond Taylor (123) who emphasized the rose of vortices behind the 


valve leaflets in enhancing closure velocity. 
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Evidence to support all three mechanisms of late diastolic closure have 
accumulated. Thus, in 1916, Dean (124) used a perfused cat heart with a 
delicate lever system and confirmed that the mitral valve started to close in 
atrial systole and that final effective closure was rapidly completed in ventricular 
systole. The role of ventricular systole is supported by findings of three other 
groups of investigators. In 1956, Rushmer, Finlayson and Nash (121) observed 
cusp movements by silver clips on the mitral valve in vivo, and found movements 
were small in diastole and more marked at the beginning of ventricular systole. 
In 1968, Padula, Cowan and Camishion (114) obtained a cinefilm of the mitral 
valve in a beating heart and showed that the cusps remained in mid-position towards 
the end ofdiastole, with the cusp orifice approximately half the diameter of the mitral 
ring, presumably being held by papillary muscles in diastole as suggested by Rushmer 
(121) , Finally, in 1974, Gordon, Mathieu, Lipton and Tsakiris (118) observed 
AMVL closure, using cineangiography to track radio-opaque markers sutured on the 
mitral cusps, in isolated atrial systole and normal sinus rhythm. They found that 
at comparable heart rates, closure was slow (10 + 4.5 cm/sec), ineffective and 
mostly partial (40-95%), and of short duration (10-30 msec) after isolated atrial 
contractions while with normal sinus rhythm it was more rapid (33 + 13 cm/sec), 
effective (100%) and of longer duration (250-430 msec). 

In contrast, in 1966, Brockmann‘! 17) measured pressure differences across the 
mitral valve in dogs and concluded that atrial contraction produced presystolic 
closure of the mitral valve by propagating a pressure front towards the ventricle 


which made the pressure difference positive and tended to close the valve. The atrial 
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mechanism is also supported by Sarnoff's (120) and Luisada's groups (125) | 

On the other hand, in 1972, Bellhouse M8) reported some important observa- 
tions made using a model of the left ventricle with aortic and mitral valves, He not 
only confirmed the double opening and closure of the mitral valve, but was able to 
define four forces acting on the valve cusps. Firstly, a ring vortex occupying the 
left ventricle tended to close the valve. Secondly, acceleration of flow through 
the valve ring tended to open the valve while deceleration tended to close it. 
Thirdly, a Venturi effect tended to move the cusps parallel. And finally, there 
was a resistance to opening and closure of the valve, and it depended on cusp 
angular velocity and acceleration. He also found that the anterior cusp closed 
before the posterior cusp, unless the ventricle was dilated, in which Bee they closed 
together. When the ventricle was small, a strong ring-vortex, which was symmetrical 
with its main strength concentrated behind the anterior cusp, tended to close the mitral 
valve in diastole and was formed within the ventricle. When the ventricle was dilated, 
this vortex was of negligible strength. More important was the finding that when 
atrial systole was absent, the valve was 88% closed at the end of diastole when the 
ventricle was small, in contrast to only 28% closure when the ventricle was large. 
Thus, this suggests that 12 and 72% of mitral valve closure remains to be completed 
by ventricular systole in small and dilated hearts respectively. These observations not 
only provide support for previous views of mitral closure, but stress the added role of 
ventricular size on the pattern of mitral closure. 

Further support for the role of the ventricular mechanism in final closure of the 
mitral valve , using an entirely different approach, comes from studies of transmitral 
(92,95). 


flow by the group of Laniado and Yellin They postulated that the inertia 
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25 
of blood delivered into the ventricle by atrial contraction drives the leaflets apart 
and they remain open until adequate decelerative forces provided by ventricular 
pressure in early ventricular contraction are applied to the leaflets to halt further 
flow into the ventricles. This decelerative force must have finite duration before 
the pressure gradient across the mitral valve is reversed, and so must the reversed 
gradient have finite duration before flow is reduced and valve closure can occur. 

A phase delay of 20 to 40 msec was found to be created by the inertiance properties 


(95) 


of blood by these investigators . Asimilar delay was found to exist between echo 


and hemodynamic markers of mitral valve closure by Pohost and associates (93, 94) 
in their studies of the temporal relationships of mitral closure to hemodynamics. 

The influence of the electrocardiographic PR interval on the relative contributions 
of atrial and ventricular systole in mitral valve closure were studied by Zaky et al 92) 
Shah( 126) and Craige(!27), In summary, they have shown that when the PR interval is 
less than about 180 msec atrial contraction does not cause adequate closure, and ventri- 
cular systole then completes the closure. On the other hand, when the PR interval ex- 
ceeds about 180 msec, time permits the chamber to contract and relax fully and bring 
about a reversal of the pressure gradient , and closure. Under these conditions, there 
is apparent complete closure in presystole and ventricular systole merely seals the 
closed valve. When the PR interval exceeds 500 msec however, they suggested that 
the valve reopens and ventricular systole then initiates and completes final closure. 
Zaky, Steinmetz, and Feigenbaum (192) noted similar findings in complete heart block, 
but they also found incomplete and transient closure in presystole in advanced disease. 


The apparent contradictions in these observations are due to the fact that the dis- 


tinction between the AB and BC portions of mitral closure was not clearly made. 
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The data in fact support the view that the AB portion relates to atrial 
relaxation, which is slow at first and accelerates near the end of atrial 


(102) (128) 


filling. In contrast, the BC portion relates to ventricular systole: 


It is probably better called fol 


, Where Cy marks the end of the 
rapid posterior movement of the anterior mitral leaflet echo. The B (or B' 
in some cases) corresponds to the R wave of the QRS complex in the ECG. 
This latter definition takes into account the observation that a shoulder 
Srl eae et 69) 
stretches the B point into a line B-B' in the presence of increased LVEDP’’. 
While the AB portion appears to be affected by the PR interval and heart 
(102,126, 127) 
rate ; 


the BC portion is determined by ventricular contraction 
and may be influenced by ventricular volun 13) 
Two groups of independent investigators have commented briefly on the 
possible value of mitral valve closure velocity in assessing left ventricular 
function. Firstly, Yoshitoshi and Bese ae frequency analysis of 
ultrasonic Doppler signals to derive peak mitral closure velocity in 1965. 
They obtained values ranging from 20 to 40 cm/sec in normal subjects, with a 
mean value of 27 cm/sec. High values were seen in mitral stenosis in the 
presence of sinus rhythm (range 30 to 80, mean 52 cm/sec), and in such a 
patient, the closure velocity was reduced from 65 to 30 cm/sec following mitral 
commisurotomy. In patients with mitral stenosis and atrial fibrillation, they 
found that the peak mitral closure velocity was high, with short preceding 
diastoles and low with long preceding diastoles. They also postulated a 


relationship between peak mitral closure velocity and left ventricular dynamics. 
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Thus: 


Mx ds + (1 ot 1)s= AP 
dt2 Cm Ca 


where M = Mass of the whole system consisting mainly of blood, 

Cm = Compliance of the mitral valve and chordae, 

Ca = Compliance of the left atrial chamber, 

S = Displacement of the mitral valve, 
and AP = pressure gradient between the left ventricle and left 
atrium in early systole. 

They also suggested that : (1) valve velocity and acceleration would 
increase as dp/dt increased, (2) the high velocity in mitral stenosis in the 
presence of elevated left atrial pressure was due to mitral valve closure 
occurring at a time when left ventricular pressure rose sharply, corresponding 
to the moment of high dp/dt, and (3) mitral velocity would reach a maximum 
at the certain valve of 1/Cm and the velocity beyond that point would decline 
or there will be a resonance phenomenon. The formula,however, ignored 
viscous resistance of the valve, blood flow and tendon. Furthermore the 
formula should probably also be modified to include (dp/dt) since it influences 
early systolic events. 

However, the observation made by Yoshitoshi et al), the effect of 
preceding diastoles on mitral closure velocity suggests that an alternative 
explanation for the high values in mitral stenosis is that they related to the 
AB portion which exertedadominant effect on the Doppler signal, so that the 
BC portion was not detected because of problems in resolution. Since in the 


normal situation AC velocity approximates both AB and BC velocities, and such 
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an error would not matter, the situation may be quite different in the 
presence of mitral stenosis. 

In 1976, Kingsley! 30) sublished a graph showing a linear correlation 
between mitral valve closure slope (BC) by echo and(dp/dt)in dogs. He 
also indicated that the BC slope was reduced in myocardial dysfunction 
(less than 20 cm/sec), and increased in hyperkinetic states (greater than 
35 cm/sec), the normal range being 20 to 30 cm/sec. The detailed results 
were not revealed. 

Other investigators have also measured mitral valve closing velocity 
by various methods which yielded similar results (Table I). Gordon et al! is) 
followed the motion of radio-opaque markers using cineangiography in dogs 
and found peak closing velocity to be 33 + 13 cm/sec. Buynkozturk, 
Kingsley and sean found normal subjects had a range between 8 and 50.5 
cm/sec with a mean of 22.1 + 9.13 cm/sec. They also found that heart rates 
up to 130 beats/min and PR up to 190 msec had no effect on the closure slope. 
Emerson et al! oe measured instantaneous peak final closing velocity using 
a digital tracking system with a dynamic range gate locked to the mitral 
valve echogram and found that in normal subjects, they ranged from 23.0 
to 46.7 cm/sec, with a higher mean (34.6 7 20 cm/sec) than with manual 
Doppler methods. Recently Upton and his oy ive Britain reported results 
using manual digitization of echos recorded at high speeds of 100 mm/sec 
and found that in normal subjects the peak AC closure was 29.0 +8 cm/sec. 
Lalani and 1ed29 in this institution obtained values ranging from 13.7 cm/sec 


to 49.9 cm/sec in man (mean 27.4 + 8.1 cm/sec) by the manual method and 
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4] +12 cm/sec in Honea electronic differentiation. 

It is not always clear from these studies of the closure velocity 
whether AC or BC slopes were measured and this may explain the slight 
disparity between normal ranges. 

From the information in this review, a unified concept of ventricular 
contraction can be formulated. Ventricular contraction can be visualized 
as a continuous sequence of events during ventricular systole, beginning 
with the progressive development of force (wall tension) and intraventricular 
pressure during isovolumic contraction, followed by abrupt fibre shortening 
and dissipation of energy sufficient to overcome the inertia of blood and 
eject it into the aorta under considerable velocity and acceleration. That 
a close relationship exists between parameters measured during isovolumic 
and ejection phases of contraction, has been demonstrated by Burns, Covell 
and Reece and others elas) © Since the final BC portion of mitral valve 
closure is mediated by ventricular systole, it is logical to assume that a 
constant relationship exists between mitral valve closing velocity and 
acceleration, and aortic velocity and acceleration, and ventricular contrac- 
tility (Figure 2). Since the AMVL closing velocity and acceleration are 
isovolumic phase measurements, like peak dp/dt, a close correlation between 
them can be expected. The exact relation between velocity of shortening of 
the ventricular muscle and maximum aortic and mitral acceleration is no doubt 
a complex one since (1) the magnitude and nature of the load in initial 


systole are not known, (2) the inertial properties of the mitral valve are not 
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known, and (3) the geometric coupling between muscle fibre shortening 
and blood movement are not known. That a close relationship exists between 
mitral valve motion and left ventricular function is further strengthened 
from studies of the ultrastructure and electromechanical properties of the 
; (133-135) (134) 
mitral complex in dogs . One group of researchers found electro- 


physiological continuity between the mitral valve and the left ventricle 


but not the left atrium. 
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STATEMENT OF THE PROBLEM 


Principal Problems 


(a) To verify whether a relationship, suggested from the considerations of 
cardiac dynamics reviewed, exists between the echocardiographic measurement 
of anterior mitral valve leaflet closing velocity and peak aortic ejection velocity, 
and ventricular contractility. 

(b) If so, to determine whether a relationship also exists between the derived 
anterior mitral valve leaflet closing acceleration and the derived peak aortic 
acceleration, and ventricular contractility. 

(c) To verify the relationships in man. 

Subsidiary Problems 

(a) To determine whether the echocardiographic measurements of minal valve 
closing velocity and acceleration can be easily obtained in man. 

(b) To examine whether the method provides an equally effective or better 


means of assessing myocardial performance in man than conventional methods. 
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METHODS AND PROCEDURE 


This study was conducted in two parts: 

(I) Animal Study 

(Il) Human Study 
(1) The Animal Study 

This was carried out in three stages: 

(a) A preliminary study was conducted in 3 dogs for two reasons: 

Firstly, to compare the mitral valve closure slope derived from the AMVL 
echogram recorded on the strip chart of the echo machine and that derived from 
the record of its analog signal on the Electronics for Medicine recorder, model DR8, 
similar to that used in the human cardiac catheterization laboratory. Other aims 
were: (1) to verify the accuracy of the echocardiographic measurements in our hands, 
(2) to assess whether continuous recording of the mitral echo could be made 
simultaneous with pressure tracings and the ECG during routine cardiac catheterization 
in man, and (3) to assess the reliability of derived slopes. 

Secondly, to examine the relation of the mitral valve closure slope to aortic 
ejection velocity measured by an electromagnetic catheter-tip velocity probe and 
to the first derivative of left ventricular pressure rise by on-line differentiation of left 
ventricular pressure measured by a catheter-tip transducer in the ventricle. All recordings 
were made on the Electronics for Medicine photographic recorder at paper speeds of 
200 mm/sec. 

(b) The second part of the animal study was carried out in three dogs, and it 
also related to methodology. Electronic differentiation of signals recorded on the 
magnetic tape were used to determine the relationship, on a beat to beat basis, between 
peak velocity and peak acceleration of the AMVL closure to peak aortic velocity and 
acceleration, as well as to the first and second derivatives of left ventricular pressure 


rise. In the dogs here, the validity of catheter-tip probe readings of aortic velocity 
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during interventions was assessed by comparing them with simultaneous recording 
using an electromagnetic cuff probe around the aortic root. 

(c) The final part of the animal study was carried out in 12 dogs to further 
study the dynamics of mitral valve closure and ventricular ejection. Here, 
aortic velocity was measured by the cuff electromagnetic flow probe around the 
aortic root. 

I] The Human Study 

This study was carried out in four parts: 

(a) In 13 patients, the relation of the velocity of AMVL closure to angiographic 
left ventricular ejection fraction and cardiac output, obtained by Fick's method, 
was determined. The mitral echogram was recorded on the echo machine and its 
analog signal on the Electronics for Medicine recorder in use in the Cardiac 
Catheterization Laboratory. 

(b) In 14 patients, the analog signal of the mitral echo and its first and second 
derivatives were recorded simultaneously on the Electronics for Medicine recorder. 
The relation between acceleration of the AMVL closure to ejection and cardiac 
output was thus studied. 

(c) In 10 patients, the relationships between velocity and acceleration of AMVL 
closure to aortic ejection velocity and acceleration were determined. 

(d) In 6 patients, the relationships between velocity and acceleration of AMVL 
closure to the first and second derivatives of left ventricular pressure rise obtained 


using an intracardiac catheter-tip pressure transducer, were determined. 
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ANIMAL STUDY 


Preparation of the canine model 


Eighteen mongrel dogs weighing between 18 and 34 kg. were anesthetized using 
sodium thiopental (10 mg/kg IV) and maintained with chloralose (80 mg/kg). A 
cuffed endotracheal tube was passed and the dogs were artificially ventilated with 
room air using a Bird ventilator. An intravenous infusion line with 5% Dextrose in 
saline was established in a brachial vein and run at the rate of 50 cc/hr. The chests 
were opened by a limited transverse thoracotomy at the sixth intercostal space with 
minimal bleeding. The heart was exposed and the pericardial sac opened. (Figure 2) 
Ultrasound recording 

Echograms of the mitral valve were obtained using a SKI Ekoline 20A 
Ultrasonoscope (Smith Kline Instruments Corporation) having a frequency output of 
2.25 megahertz and a repetition rate of 1000 pulses per second and equipped with a 
0.5 inch diameter transducer prefocused at 10 cm. The Ultrasonoscope was interfaced 
with a Honeywell 1865 strip chart recorder. Echo recordings were made directly on 
photosensitive Kodak linagraph paper (type 2167) at a speed of 50 mm/sec or 200 mm/sec. 
The echo signal was isolated by atime analog pre-amplifier module (SKI) with 
optimal adjustment of gate width. 

The transducer was held in contact with epicardium of the anterior surface of the 
right ventricle to the right of the left anterior descending coronary artery. An adequate 
amount of coupling gel (Aquasonic) was used to form a cushion so as to overcome the 
problem of intermittent loss of direct contact between the tip of the transducerand the 
anterior cardiac surface. Care was taken to hold the transducer with minimal 
pressure, but rigidly enough so as to minimize relative motion between the transducer 
and the heart and to avoid lateral sliding of the transducer. The transducer tilt was 
also adjusted to maximize the amplitude of anterior mitral leaflet eR OT 


at which time the posterior mitral leaflet just comes into view. Anterior leaflet motion 
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was observed between a depth of 3 to 6 cm. in all preparations. The classical 

"M" shaped configuration of the AMVL was observed only when the heart rates 

were less than about 100 beats/min, but not at rates above this. This phenomenon 
is in agreement with observations by Taylor!23 who found in his animal experiments 
that at rapid heart rates (greater than 240 beats/min), the outlet area of the mitral 
valve is unchanged throughout the brief diastolic filling period, so that the early 
diastolic closure slope (EF) is absent. 

The time delay in the ultrasound system was less than one millisecond, and the 
inherent frequency response limitation occurs above 500 Hertz (data provided by 
Smith Kline Instruments Corporation). 

The analog signal of the AMVL echo was observed on a scope and optimal 
adjustments of gate width made before they were recorded on the Electronics for 
Medicine (Model DR8) multichannel recorder in the first 3 dogs, and on the 4 channel 
magnetic tape recorder (Hewlett-Packard Instrumentation Recorder 3960) in the other 
15 dogs. Samples of the mitral echo were also recorded simultaneously on the strip 
chart and Electronics for Medicine recorder, the delay between signals on the two 
recorders being negligible. The height of the analog signal was calibrated by 
moving the gate by 1 cm. 

Velocity recordings 

An electromagnetic catheter-tip velocity probe (SE Medic) was used in the First 
6 dogs. This was introduced via either the femoral or carotid artery which were 
isolated by prior cut-down. The tip of the catheter was positioned using fluoroscopy so 
that it was 3 cm. above the aortic valve in the aortic root. The catheter was connected 
to an SE Medic Flowmeter and readings of velocity were made directly on the Flowmeter. 
The zero calibration was obtained with the catheter in saline prior to introduction into 
the blood stream. In addition, signals were recorded on the Electronics for Medicine 
photographic recorder at a paper speed of 200 mm/sec in the first 3 dogs, with 


Black box storage for later dark room processing. 
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In the 3 other dogs, the velocity from the Catheter probe was recorded on 
the magnetic tape as well. In addition, one of these dogs had both internal 
catheter tip and external cuff electromagnetic probes inserted for comparison 
of velocities. In the remaining 12 dogs, only external probes were used. 

They ranged in diameter from 1.0 to 1.6 cm and were placed around the aortic 
root to measure flow velocity. In each case the probe was connected to a 
pulsed logic flowmeter (Biotronex Laboratory, BL 610), the gain and frequency 
response modes being adjusted to give optimal signals. The output signals were 
recorded on both a pen recorder (Type R dynograph, Beckmann Instruments) at 
speeds of 25 to 100 mm/sec, as well as on the magnetic tape. Zero Flow 
calibration for the cuff probe was obtained by placing the probe in saline 
initially, and later by instantaneous clamping of the aorta proximal to the 
cuff before terminating the experiments, and finally with the cuff in a beaker 
of blood, The frequency response for the stylus of the Beckmann recorder was 
125 Hz at 1 cm deflection. 

Linearity of response was checked for both catheter and cuff probes 
for velocities up to 300 cm/sec and flows up to 4 litres/min respectively. 


For the velocity catheter, the tip was placed in the middle of a long glass tube 


of even and known internal diameter (Dcm) and saline was injected into the distal 


end of the tube at a constant rate using an electric pump. 
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The volumes (Q ml) of saline flowing past the catheter tip in 
different timed intervals (t sec) in graduated steps, were collected in 
a graduated cylinder and measured. Laminar flow velocity (V cm/sec) 
was derived from the formula: 
V = (Q/)/ar 2/4) 

In the case of the cuff probes, the flow velocity of blood or saline 
through a section of the aortic root removed from each of the 12 dogs at 
the end of the individual experiments was measured at various flow rates 
(0 to 4 L/min) in graduated steps using a Travelol pump. Velocity was 
calculated from the cross-sectional area of each aorta. 
Pressure recordings 

Pressures were recorded using a high-fidelity transducer-tipped 
SF, pressure catheter (Statham Laboratories Inc) which was introduced into 
the left ventricle from the carotid or femoral artery isolated by previous 
cut-down. The catheter was guided with the help of fluoroscopy so that 
the tip lay free near the apex of the ventricular cavity. The signal from the 
intracardiac transducer was balanced against that of an external pressure 
transducer (Statham 23 Pdb) connected directly to the catheter on the 
Electronics for Medicine (DR-8 model) machine and recorded on photographic 
paper. The intracardiac signal was passed through a differentiator and the 
first derivative (dp/dt) recorded simultaneously at paper speeds of 100 to 200 
mm/sec (with Dark box storage and later processing). The pressure signal 


was also recorded on magnetic tape for deriving first and secord derivatives in 


15 dogs. 
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Electrocardiogram 

Lead 2 of the ECG was continuously monitored on the Electronics for 
Medicine recorder, the echo machine and the Beckmann recorder. 
lt was recorded simultaneously with other signals on tape. 
Interventions and measurements 

Simultaneous baseline recordings of the ECG, pressure, velocity and 
the mitral echo were made on the Electronics for Medicine recorder and the magnetic 
tape. They were then repeated sequentially after isoprenaline infusion 
(1 pg/min), after 3 boluses of propranolol (0.05 mg/kg) given 5 minutes 
apart, after acute cross-clamping of the descending aorta, and finally after 
ligation of the left anterior descending coronary artery before sacrificing 
the dogs. In each case, sufficient time was allowed to achieve "steady state" 
conditions. 
CALCULATIONS, SIGNAL PROCESSING AND PLAYBACK 
(a) The closure slope of the anterior mitral valve leaflet 

On all the 18 dogs, the AMVL closing velocity was derived manually 

from signals recorded on the strip chart of the echo machine, and in some cases 
on the photographic paper of the Electronics for Medicine machine. The 
measurement made is shown inFigure 3. The slope of the line joining points 
B and C on the final closing limb of the AMVL echo was measured. In cases 
where the B point was. not clearly identified, the mean slope between A and C 
was measured provided AC was a smooth line. Otherwise B was identified from 
the R wave of the QRS complex of the ECG. The time and distance markers 


on the tracings were used to compute the slope in cm/sec. The arithmetic mean 
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of slopes from 5 consecutive, clearly recorded echoes, was designated the 
AMVL closure slope. 
(94) 

As suggested by Rubenstein and associates , the echo marker 
of closure was taken as the last rapid posterior movement in end-diastole 
to point C,, except when it was not obvious, in which case the hemodynamic 
marker was taken on the Electronics for Medicine tracings. The advantages 
of the Q-C, interval are that it does not change significantly with respiration 
or transducer angulation towards the valve eels) However, Q-C. was 
shown to be longer than the Q to left-ventricular systole-onset interval by 
18 to 37 msec. 
(b) Playback of native signals, and their first and second derivatives 

The playback assembly is depicted in Figure S. 

Recordings stored on magnetic tape were replayed using a four- 
channel ultraviolet optical recorder (Brush Model 16-2300-00) at a paper 
speed of 2 in/sec (51mm /sec). The native signals from the mitral echo, 
pressure and velocity were viewed on a cope (Hewlett-Packard Model 181A 
variable persistence oscilloscope) and were then differentiated electronically. 

The frequency response of the recorders were well in excess of the 
maximal frequencies encountered in these experiments. Prior to electronic 
differentiation, the mitral echo signals were filtered through an electronic 
filter circuit (Krohn-Hite Filter model 3322, active "low-pass" filters) with 
zero Db gain and attenuation factor of 12 Db per octave and cut-off frequency 
of 40 Hz. In some cases, the aortic velocity signals recorded using the catheter- 


tip probe were similarly filtered with a cut-off frequency of 60Hz. Noble et ae 
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have shown that this cut-off frequency exceeds the maximal frequencies 
of the upstroke of the aortic velocity signal. 

Recorded signals were passed through"active" differentiators with 
a high cut-off frequency of between 40 to 60 Hz. These differentiators 
were built in the Medical Electronics Department at the University of 
Alberta Hospital using plug-in components on a Philbrick model MP 
operational manifold. First passage of the filtered mitral analog signal 
yielded a waveform corresponding to the first derivative of each portion 
of the mitral analog signal (Figure 5). The maximal deflection corresponding 
to the BC or AC slope of the mitral echogram was designated peak velocity 
of AMVL closure or ds/dt. Repassage of this first derivative through another 
"on-line" differentiator yielded the corresponding second derivative waveform. 
The peak deflection corresponding to peak velocity of AMVL closure was designated 
peak AMVL closure acceleration or d?s/dt2 (Figure 5). 

The native ventricular pressure signals were similarly processed by 
sequential passage through on-line differentiators, but without prior filtering. 
The positive peak of the first derivative of isovolumic pressure rise was designated 
peak dp/dt, while the corresponding peak of the second derivative was designated 
d2p/dt*. From simultaneous ECG, mitral echo and pressure playback, the 
point on the echo corresponding to the onset of left ventricular systole was defined 


(93,94) 


as the hemodynamic marker of mitral valve closure in doubtful cases. 
The aortic velocity signals were also processed by passage through an 


"on-line" differentiator without prior filtering. The peak deflection of the 
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velocity signal was taken as the peak aortic velocity or V. The first derivative 
of the upstroke portion of the velocity signal, corresponding to the ejection 
phase of contraction, was designated as the peak aortic acceleration of 
dV/dt. 
The following parameters were compared: 
1. Peak AMVL closing velocity and peak aortic velocity 
2. Peak AMVL closing velocity and peak aortic acceleration 
3. Peak AMVL closing acceleration and peak aortic velocity 
4, Peak AMVL closing acceleration and peak aortic acceleration 
5. Peak AMVL closing velocity and dp/dt 
6. Peak AMVL closing velocity and d2p/dt2 
7. Peak AMVL closing acceleration and dp/dt 
8. Peak AMVL closing acceleration and d2p/dt2 


9. Peak aortic velocity and peak aortic acceleration 


10. Peak aortic velocity and peak dp/dt 
11. Peak aortic acceleration and peak dp/dt 
12. Peak dp/dt and peak d2p/dt2 


program on a Hewlett Packard Calculator (9810A) and Plotter (9862A). 


The results were subjected to a statistical regression analysis 
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THE HUMAN STUDY 


Echocardiograms were recorded on the echo machine and 
magnetic tape in 5] patients undergoing diagnostic cardiac catheterization 
as well as in 5 normal subjects. Echo recordings were made with the 
subjects recumbent and minimal left lateral tilt. The echo transducer 
was placed in the fourth or fifth left intercostal space, adjacent to the 
sternum using coupling gel (Aquasonic) over the skin in that area for 
optimal contact. The transducer was directed medially and posteriorly to capture 
the characteristic 'M' motion pattern of the AMVL echo and then adjusting 
the position so as to maximize this motion. Gain, damping and reject 
controls on the ultrasonoscope were adjusted for optimal resolution of echoes. 
The echo movement displayed in the M-mode on the echo machine was recorded 
on the stripchart. The analog signals were viewed on another scope, 
assembled on top of the echo machine scope by the Medical Electronics 
Department, so that only continuous analog signals were recorded on the 
Electronics for Medicine and the Magnetic tape recorders. 

In 35 patients being catheterized, the mitral echo was recorded 
immediately before cardiac output measurements just prior to left ventricular 
angiography. The mitral echo was recorded on the Electronics for Medicine recorder 
in 14 patients after filtering the analog signal at 40 Hz. 

In 6 patients, the left ventricular pressure signals were recorded, 
before angiography, using an SF; catheter-tip transducer introduced after 


informed consent was obtained. In these patients, peak dp/dt was obtained 
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by on-line differentiation of pressure on the Electronics for Medicine 

recorder, while the pressure was also recorded on magnetic tape. In 

10 patients, aortic ejection velocity was measured using an electromagnetic 
catheter tip probe introduced with informed consent. Signals were recorded 

on the Electronics for Medicine recorder, as well as on magnetic tape. 

In the 45 patients who underwent left ventricular cineangiography the end- 
diastolic pressures before and after angiography were measured. Ejection 
fractions were obtained in 13 patients by replaying left ventricular cine- 
angiograms and using the Sandler and Dodge equation for calculating major and 


(13), 


minor diameters The volumes were digitized using a 9863A Hewlett- 
Packard digitizer interfaced with a calculator. 

Peak AMVL closing velocity and acceleration were compared to 
indices of left ventricular function as cardiac output, left ventricular end- 
diastolic pressure, peak (dp/dt)/P and peak (denereyen 

Peak AMVL closing velocity and acceleration were also compared 
with aortic ejection velocity and acceleration. 

Peak aortic ejection velocity and acceleration were also compared 


to indices of left ventricular function. 


Statistical analysis was done as in for the dog study. 
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RESULTS 
1, Animal Study 

The duration of these experiments was between three to five hours. Repre- 
sentative tracings of the anterior mitral valve leaflet (AMVL) from the strip chart 
of the ultrasonoscope and that from the photographic paper of the Electronics for 
Medicine (E for M) recorder is shown in Figure 3. The closure slope is also depicted 
in Figure 3, Although recording on the E for M recorder was possible, and this was 
- done in the first three dogs, it required time consuming dark room photographic 
processing for a further 2 to 3 hours after the experiment, and recovery of data thus 
depended on the skill in processing. For this reason, simultaneous tape-recording 
of the echo signal was used in the subsequent 15 dogs. The ECG was nelpful in . 
timing closure events and differentiating the AMVL echo from that of the mitral 
valve ring (Figure 4). 

The playback of signals from the tape, using the assembly shown in Figure 5, 
took between 2 to 4 hours per dog. Again the ECG facilitated the proper timing of 
the components of closure of the AMVL echo, although in unclear cases, simultaneous 
pressure playbacks were analyzed (Figure 6). Peak mitral closure velocity during 
the control phase was 26.96 + 9.04 (SD) cm/sec (n = 73) in the 18 dogs. High 
values were seen in some cases, as in Dog 4 (mean ds/dt = 53.4 + 6 cm/sec) but the 
heart rate was also higher in that dog (148 beats/min). The high value was thus 
probably related to the masking effect of the faster, AB component, of closure over 
the slower, BC component. These components could be separated by further high 
speed recordings, and when this was done, a dimple or shoulder in the wave form 


corresponding to closure velocity became evident. The second peak was then read 
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as that corresponding to the BC component of AMVL closure. Similarly, the final 
mitral acceleration peak became notched, with two distinct negative peaks in such 
circumstances, and the second peak was taken to represent the acceleration corres- 
ponding to the BC component of AMVL closure. 

The level of contractility in the control phase varied from dog to dog (Tables 
H,IIl), Thus , mean peak dp/dt for all 18 dogs was 1963 + 632 (SD) mmHg/Ssec. 

In Dog 4, only aortic dp/dt was measured and it was 932 mm Hg/sec in the control 
phase, In some dogs, contractility remained depressed for a prolonged length of time, 
and there was evidence of mechanical alternans despite a normal ECG (Figure 7). 
There was alternans in pressure, velocity, and the mitral echo. Alternans in 
velocity was also noted in anaesthetized dogs by Katz and Mills‘) , 

The heart rates during the control phase were within the physiological range 
in most of the 18 dogs. However, heart rate was elevated for a prolonged period of 
time in Dog 3 (mean 158 beats/min). 

During the interventions, directional changes were produced in the peak dp/dt, 
peak mitral closure velocity and acceleration and peak aortic ejection velocity and 
acceleration. All parameters increased promptly following isoprenaline, decreased 
after propranolol, and decreased further after ligation of the left anterior descending 
coronary artery (LAD). The directional changes in all the parameters following 
isoprenaline or propranolol preceded changes in heart rate. When propranolol was 
given before isoprenaline, it was necessary to wait for up to one hour or administer 


more isoprenaline before measurable increases in the various parameters became 


apparent. The heart rate increased only marginally in these cases. 
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Two additional observations were made during the interventions: Firstly, the 
peak AMVL closing velocity did change significantly with an acute afterload 
created by cross-clamping of the descending aorta, Secondly, following ligation 
of the coronary artery, the peak cortic velocity and acceleration decreased 
several seconds before the peak dp/dt on the simultaneous playbacks from the 
magnetic tape. 

(1) Manual mitral closure slope and electronic peak mitral closing velocity 
(Figure 8). 

The closure slopes obtained manually from the echo strip chart and from the E 
for M recordings were similar and nearly identical. Both recordings were made at 
speeds of 200 mm/sec. However, electronically derived peak closure ene 
(Figure 6) of the AMVL were higher than manually derived values, The plot of 
paired readings from Dogs 3,4, and 5 and those from 28 human subjects taken from 
Tables Il, V, and Vi is shown in Figure 8. The correlation coefficient was 0.93 


(N = 40, P <0.001). 


(2) Peak aortic ejection velocity by electromagnetic cuff versus the catheter- 
tip probe (Figure 9). 

Comparison of continuous recordings of aortic ejection velocity by these two 
probes were obtained in Dog 4 and revealed good correlation (r = 0.993, N = 13, 
P<0.0001) for values within the physiological range, as shown in Figure 9. 

At high velocities, after isoprenaline, the rigorous heart action caused dis- 
placement of the velocity catheter, so that while the cuff probe recorded values 


of 95.6 and 102.5 cm/sec, the corresponding catheter probe readings were 54.4 
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and 64,6 cm/sec respectively. Catheter displacement was confirmed by fluoro- 


scopic examination and needed repositioning. For this reason, the cuff was used 


in 12 dogs (Dogs 7-18), 
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(3) Peak mitral closing velocity and peak aortic ejection velocity (Figure 10). 


Because of catheter displacement, aortic velocity values in the first 6 dogs 
were not reliable at high values. However, aortic ejection velocity measured 
by the cuff in 12 dogs correlated closely with peak AMVL closing velocity. This 


is shown in Figure 10 and summarized below: 


Peak AMVL closing velocity (y) Peak aortic ejection velocity (x) 
Mean 28.4 cm/sec 65.6 cm/sec 
CE + 0.84 teal. 71 

r = 0.824 N = 295 P< 0.001 

y = 0.41-x + 1.45 


SEE (y,x) = 8.21 cm/sec 


The deviation from the estimated line increased at higher aortic velocities. 
A stronger correlation was seen in individual dogs (4 to 18) with r values 


ranging between 0.966 and 0.998 (Figure 11), and P< 0.0001. 


(4) Peak mitral closing velocity and peak aortic acceleration (Figure 12). 

Although a strong correlation was again present in individual dogs ( 4 to 18) 
with r values ranging between 0.957 to 0.987 (P< 0.001), a lesser r value was 
obtained for the composite line for all the points from the 3 dogs (4 to 6) using 


the catheter probe (r = 0.61, N = 50) or the 12 dogs (7 to 18) using the cuff probe 
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(r= 0.67, N= 288), Thus, the data from 12 dogs with the cuff probe were: 


Peak mitral closing velocity (y) Peak aortic acceleration (x) 
Mean 27.7 cm/sec 1862.1 cm/sec” 
SE +> 0,7. + 80.1 
Gs 0567 N = 288 P< 0.001 
yt 0.007 zee MAS 2 


SEE (y,x) = 10.2 cm/sec 


The deviation from the estimated line was greater at higher aortic accelera- 
tions , and this may reflect an electronic amplification of the effect seen with high 
aortic velocities, especially marked in Dog 10. It is possible that such deviation 
at high velocities result from the relative motion of the cuff on the aortic root due 
to combined effects of rigorous heart action after isoprenaline and rather more than 


usual dissection of the aortic root so as to permit greater mobility of the cuff, 


(5) Peak mitral closing acceleration and peak aortic ejection velocity 
(Figures 13 and 14), 

There was again strong correlation for individual dogs (4 to 18) with r values 
ranging between 0.959 and 0.996 (P<0.001), and this is illustrated for 4 dogs 
using the cuff probe in Figure 13. However in the composite plot for the 12 dogs 
using the cuff probe (7 to 18), the correlation was slightly weaker than in indivi- 


dual dogs as shown in Figure 14. This is summarized below: 


Peak AMVL closing acceleration (y ) Peak aortic ejection velocity (x) 
Mean 1536.7. cm/sec” 65.6 cm/sec 
SE ae kegs +4.9 
r = 0,83 N = 295 P<0.001 


y = 23.95x - 34.8 
2 
SEE (y,x) = 473.9 cm/sec 


48 


<éyalesan Sthide ssAytd in vate apwantl bateniics oft mot cnneatiaernn 

data dtiw nese testo off Jo noltoaMMatip aincitosls fo tag her yam pee 
HOtisived-clouz itl sidietég ai 1) OP igatt ni basta yltaisayss liao eo 

adh toes SH ide aHll no Hus art Tonoltam syitote Sit tpart those winnie) 

qn stont tenths baw anilore aat yofth nolan tied wen gin 16 vote bode Ot 
ius. aili Io Wiilidem wiosie tyne” 0! ¢o.02 Jac: alineo ott % noltosattb lovey 


7 aa] 
ers | 
' 


vtisalay noiiasje oltieo dese bio nofioisisoos piizols invtizn Apo (2) 
= a —— i 


seuley + diiw (8lct-S) egob louhivibn’ tot nohtolenes pret niga ow oat 
spabeR act Betsey Ili et aivif ind , (100,0.24)) 32P 0 baa 220,,0 we 
ager GI edt a6? tolq stizoqinos edt ni roverwaH] ET swalt ni ado Pus att gatzy a 
=ivibnt ai nodt adele; vite pile cow notte oa sit (81 of T} | ’ 
ee en eee ee 


49 


(6) Peak mitral closing acceleration and peak aortic acceleration (Figure 15) 

While good individual correlations between these parameters existed in all 15 
dogs (4 to 18), with r values between 0.875 and 0.991, the correlation was again 
poor for Dog 10. The composite line for the 12 dogs using the cuff probe (7 to 18) 
was also affected in the same way as mitral closing velocity and aortic velocity. 


The line is shown in Figure 15 while the results are summarized below: 


Peak aortic acceleration (y ) Peak mitral closing acceleration (x) 
Mean 1863.7 cm/sec” 1500.3 cm/sec” 
SE teal ENA 7 


r=0,66 N = 288 P<0.001 
y= 1,086 x + 309.1 
Eelypx)at=) 942.5 cm/sec” 


ss 


It is apparent from Figure 15 that if the upper points from Dog 10 were excluded, 
the r value would improve. Nevertheless, the trend of statistical correlation can 


be appreciated from the density of the points. 


(7) Peak mitral closing velocity and the first and second derivatives of ventri- 
cular pressure rise (Figures 16-18). 

Aortic pressure was monitored in Dog 4, and left ventricular pressure in the re- 
maining 17 dogs. 

There was a strong correlation between peak mitral closing velocity and peak 
dp/dt in all 18 dogs. In the first 3 dogs, where mitral closure slopes were measured 
manually, the r values were 0.81, 0.90 and 0.96 respectively. In all other dogs, 
peak mitral closure velocities were measured electronically. In Dog 4, peak aortic 


dp/dt correlated well with mitral closing velocity (r=0.99). In the remaining 
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14 dogs (Dogs 5 to 18), the r values ranged between 0.942 to 0.997. The separate 
plots from 4 dogs are shown in Figure 16, The composite plot on all 17 dogs and 


excluding Dog 4 is shown in Figure 17, and the data summarized below: 


Peak mitral closure velocity (y) © Peak dp/dt (x) 
Mean 27.73 cm/sec 2057.1 mm Hg/sec 
SE end Pale 2 

+= 0,734 N = 380 P <0.001 

y= 0.0092 x + 8.72 


SEE (y,x) = 9.44 cm/sec 

Similarly peak mitral closing velocity correlated with peak d2p/at?, with r 
values ranging from 0.923 to 0.989 in the 12 individual dogs (4 to 15). Although 
the composite plot, shown in Figure 18, gave a line with an r value of 0.621, it 
is apparent from the density of points that statistical dispersion occurs as contracti- 
lity is increased, and that the dispersion is greater than in the mitral closing velocity 


versus dp/dt plot. The results are summarized below: 


Peak mitral closure velocity (y) Peak Cayhte (x1) 
Mean 28.03 cm/sec 62790 mm Ha/secs 
SE 0.2) +2475 

n= 0.621 N =311 P< 0.001 


y= 0.0002 x + 15.24 

SEE (y,x) = 11.24 cm/sec 

(8) Peak mitral closing acceleration and the first and second derivatives of 
ventricular pressure rise (Figures 19,20). 

In separate dogs, the peak mitral closing acceleration correlated closely to 
peak dp/dt (r from 0.910 to 0.997, N= 15 dogs) and peak d@p/di* (r = 0.853 to 


0.984, N=12dogs). The composite plot, shown in Figure 19, also revealed good 
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correlation between mitral closing acceleration and peak dp/dt. There results are 


summarized below: 


Peak mitral closing acceleration (y) Peak dp/dt (x) 
Mean 1518.4 cm/sec” 2096.5 mmHg/sec 
SE BOGn7 + 46,1 

r =0.752 N = 330 P<0.001 
Jaen tO Sse 257.3 
SCG Y, <x) Sed0s. cm/sec” 


However, peak mitral closing acceleration did not correlate any closer to 
peak d2p/dt2 (Dog 4 and Dogs 7-18, r = 0.626, N= 309) than with peak 


dp/dt as shown in Figure 20. 


(9) Peak aortic ejection velocity and peak dp/dt (Figure 21) . 
The correlation coefficient ranged between 0.944 and 0.998 in the individual 
12 dogs (Dog 7-18) and was reduced to 0.79 in the composite plot (Figure 21). 


Data from the composite plot are summarized below: 


Peak aortic ejection velocity (y) Peak dp/dt (x) 
Mean 64.92 cm/sec 2025.0 mmHg/sec 
SE PTEGT, + 62,2 

r = 0.79 N = 302 PeceOe00! 

yo Peel otorin k 42215 


Shia x) 17.9 cm/sec 


(10) Peak aortic acceleration and peak dp/dt (Figure 22) . 
The correlation coefficients for the individual 12 degs (Dog 7-18) ranged 
from 0.94 to 0.99, except for Dog 10 whose r value as 0.849 . The composite 


plot, shown in Figure 22, gave an r value of 0.707, The data are summarized below: 


Po al 
is) so aye4 
om ies: B.de0S 


rok + : : 


& Sion ry 
| TAS + 


100,094 i . So, 


rg 
c.fee + » $ee,0 =" 
"ihe \ g eae « 
I . 
of "62015 yep oinlotios fon biL agitetaleson § 5 foviim seg 4 


loaiprityy nnd (208 1 8S8.0= 1 BTN a0 Snob god), ENE 


ies etupi 4) 455 ab Jens a : lanes ne bes: is DUD dont AS) 


—_ 


a - 
loubivilini ‘orl! i BY 2.0 bre NOD miowtdd Letnbieinats|ieoo noltahenam: oft 
i 


" ; 
> « + Pa ats 4 ti ra rT 7 ah —_ me ald 
{TS steer) ‘ed slitogiias. aft ai lat Haseber ms boo (ih) gop agent 


i 


<Wwol d bax hewing: 20 igus oh ews I + net ott 


i eee Cy) yulsglas ‘Wo. anhaiiaen aae 3 
- _— " 
open tan G, aga aae\nio «SRB free 
C88 4 %ov! + a ¥. 
repo 4 SOR = To = 
* pies F 2 Sege.0) ae 
ase 2.0% = 6 
- 
fe suey ib\ab ppietenerapleeae oityan aoa 


th 


a pit 


yale 390) anab Sf sin it: a acdiens aitoh id > 


i mies wre dh OF 5 wea i _ 
ie 
poy | a 7 tein @ 8S om 


’ 


& = 
fy 


a2 


Peak aortic acceleration (y) Peak dp/dt (x) 
Mean 1840.0 cm/sec? 2009.4 mmHg/sec 
SE + 63.4 + 72.2 

r =) 0.707 N = 295 P< 0.001 
y =h0281 x 4220.2 
SEE (y,x) = 880.2 cm/sec? 


(11) Peak aortic velocity and peak aortic acceleration (Figure 23) . 

Individual correlation coefficients ranged between 0.957 and 0.996 in the 12 
dogs with the cuff probe, except Dog 10 , where the r value was 0.867. The 
correlation coefficients for the dogs 4 to 6 , where the velocity catheter probe 
was used, were 0.988, 0.971 and 0.984 respectively. The composite plot for 


the 12 dogs with the cuff probes is shown in Figure 23 and the data are summarized 


below: 
Peak aortic acceleration (y) Peak aortic ejection velocity (x) 
Mean 1852.8 chy ee 64.69 cm/sec 
SE £/2e4 ae ews 
r = 0,829 INiv= 9299 P<0.001 
y = 35,7x = 455.5 
SEE (y,x) = 701.0 cm/sec? 


For the 3 dogs using the catheter probe, the composite r value was 0.988 
(N=50) and the line was given by y =18.4x - 200.5, where y = aortic acceleration 


and x =aortic velocity, and SEE (y,x) was 72.9 cm/sec”. 


(12) Peak dp/dt and peak d2p/dt? in 12 dogs (Figure 24), 
The individual correlation coefficients ranged between 0.954 and 0.989. 


The composite plot is shown in Figure 24, and the data are summarized below: 
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Peak d2p/dt2 (y) Peak dp/dt (x) 
Mean 61,471 mmHg/secé 2019.6 mmHg/sec 
SE + 637 20066 

re 0.947 N = 304 P<0.0001 
y = 37.3 x - 13859 
SEE (y,x) = 14085 mmHg/sec2 


(13) Peak mitral closing velocity and peak mitral closing acceleration in 15 
dogs (Figure 25) . 
The correlation coefficient for each individual dog (dogs 4-18) was excellent 


(r=0.99). The composite plot is shown in Figure 25 and the data summarized below: 


Peak mitral closing velocity (y) Peak mitral closing acceleration (x) 


1600.5 cm/sec” 


Mean 29.4 cm/sec 
Se + 0,83 + 48.5 
0.986 N = 348 P<0.0001 


ol 


OOM x2. 28 
2.62 cm/sec 


I! 


yi 
SEE (y; x) 


The correlation coefficients for the animal study are summarized in Table IV. 
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Il. Human Study 


The mitral echogram was easily recorded in human subjects over an average of 10 
minutes. However, initial recordings on the E for M recorder were made on 14 patients 
only, because they proved to be more difficult, on account of "drop-off" of the analog 
mitral echo signals, and required an additional observer. Subsequent recordings were 
therefore made directly on the magnetic tape, while simultaneous strip chart records 
were obtained on the ultrasonoscope. 

(1) Peak mitral closing and angiographic left ventricular ejection fraction (Figure 26). 

The resting left ventricular ejection fractions from 13 patients (Table 4) did not 
correlate with peak mitral closing velocity (r=0.17). The ejection fractions also 
correlated poorly with peak mitral closing acceleration (r = 0.18), as shown in Figure 
26. However, the ejection fractions seemed to correlate better with resting end-diastolic 
pressures (r = 0.64). The apparent correlation with contractility cannot be considered 
significant in view of the few patients (r=0.5, N = 5). The ejection fractions 
correlated poorly with aortic velocity (r =0.16, N = 8). or aortic acceleration (r = 0.68, 
N = 3). 

(2) Peak mitral closing velocity and acceleration and cardiac output (Figure 27). 

Weak correlations were found between peak mitral closing velocity (r = 0.387, 
N = 21) or acceleration (r = 0.295, N = 19) and cardiac outputs obtained by Fick's 
method (Tables V and VI) in the heterogeneous group of 21 patients. 
pressure in man (Figures 28 and 29). 

The peak mitral closing velocity in 6 normal subjects ranged from 23.6 to 28 cm/sec 


the mean value being 25.5 + 1.62 (SD) cm/sec. Peak closing acceleration in one of 
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these patients was 1553 cm/sec*. These are illustrated in Figure 28, 

In 36 patients with coronary artery disease, peak mitral closing velocity ranged 
from 11.0 to 47.7 cm/sec, while the acceleration in 18 of the patients ranged from 
355 to 2250 cm/sec*. Neither resting left ventricular end-diastolic pressure (LVEDP), 
nor the post-left ventricular angiographic LVEDP adequately separated those with low 
peak mitral closing velocity and acceleration from those with values seen in the normal 
patients. Thus, mean peak mitral closing velocity was 26.0 + 8.3 (SD) cm/sec (range 
11.0 to 47.7 cm/sec) in those 24 patients with resting LVEDP < 14 mmHg, and 
16.9 + 4.3 (SD) cm/sec (range 12.0 to 24.0 cm/sec) in those 12 patients with resting 
LVEDP>14 mmHg. The mean peak mitral closing velocity was 28.5 + 4.6 (SD) 
cm/sec (range 22.4 to 38.5 cm/sec) in those 14 patients with Botecna ocrceine 
LVEDP< 18 mmHg, and 18.9 + 8.2 (SD) cm/sec (range 11.0 to 27.8 cm/sec) in those 
22 patients with post-angiographic LVEDP > 18 mmHg. 

In 7 patients with various cardiomyopathies (asymmetric septal hypertrophy 
in 4 patients, Syndrome X in 3 patients), the peak mitral closing velocity ranged 
from 21.0 to 55.5 cm/sec, the mean being 35.9 +1356; (SD) cm/sec. Similar values 
were encountered in one patient with a ventricular septal defect (32.7 cm/sec) and 
2 patientswith aortic insufficiency (40.0 cm/sec and 33.4 cm/sec respectively). Very 
high values were encountered in 2 patients with mitral stenosis. In the first patient, 
the velocity was calculated from the mean manually derived slope (AC) of the echo 
recorded at 200 mm/sec paper speed, and was 77.9 cm/sec. In the other patient, the 
peak mitral closing velocity was calculated from the electronically differentiated signal; 
the peak corresponding to the rapid AB portion of the AMVL echo was 65.4 cm/sec, 


similar to the value from the strip chart manual slope. 
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Similar high values were obtained by Yoshitoshi et al for the AC slope(!2) | 
However, when the electronic derivative was obtained by playbacks at a speed near 
200 mm/sec, 2 distinct peaks became evident; the AB peak (65.4 cm/sec) as before 
and the smaller BC peak of 18.5 cm/sec. The corresponding accelerations were 2618 
cm/sec2 and 1332 cm/sec2 respectively, 

The relation between peak mitral valve closing velocity and acceleration and 
left ventricular end-diastolic pressure is shown in Figure 29. 

The correlation coefficient for peak mitral closing velocity and LVEDP was 
0.61 (N = 36). The correlation coefficient improved from r = 0.31 (N = 24) for 
all patients to r=0.44 (N = 18) when considering only patients with coronary 
artery disease. 

Subdivision of patients on the basis of resting LVEDP, or resting ejection 
fraction, or cardiac output is however not an accurate way of separating normal 
24, 61) 


from diseased ventricle! and this fact probably explains the poor correlations. 


(4) Peak mitral closing velocity and acceleration and peak dp/dt (Figure 30) 
The peak dp/dt was measured using the catheter tip transducer in 6 patients. 
The correlation between mitral closing velocity and peak dp/dt (r = 0.93, p<0.01) 


is shown in Figure 30 and the data are summarized below: 


Peak mitral closing ventricle (y) Peak dp/dt (x) 
Mean 20.07 cm/sec 1371.7 mmHg/sec 
DE + 1.67 + 220.0 
r =0.93 N=6 P<0.01 
y =0.07x+ 10.4 
SEE (y,x) = 1.7 cm/sec 
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This correlation is better than in dogs (r = 0.734 in 17 dogs) probably because 
of the effect of biological variation with the greater number of dogs, and possibly 
some translational echo transducer movement in the dogs. 

The relation of mitral closure acceleration to peak dp/dt gave a lower r value 
of 0.79, and it can be seen from Figure 30 that the scatter of the points in the plot 
on the right is greater than for peak mitral closing velocity in the plot on the left. 
Again, this probably reflects the effect of the magnification and the electronic 
amplification during differentiation of the native signal. Nevertheless, the r 
value for peak mitral closing acceleration and peak dp/dt is better than for the 


17 dogs (r = 0.752). The human data are summarized below: 


Peak mitral closing acceleration (y) Peak dp/dt (x) 
Mean 840.2 cm/sec 1372.0 mmHg/sec 
SLE 7020 ZZ 
m= 0072 N=6 P<a07 05 
y =0.287 x + 446 
SEE (y, x) = 134 cm/sec? 


(5) Peak mitral closing velocity and acceleration, and aortic ejection velocity 
(Figure 31). 


In 10 patients, a good correlation (r= 0.81) was present between peak mitral closure 
velocity and aortic ejection velocity (Figure 31), similar to that in the 12 cuff-probe 


dogs (r =0.82). The data are summarized below: 


Peak mitral closing velocity (y) Peak aortic ejection velocity (x) 
Mean 23.6 cm/sec 36.7 cm/sec 


SE + 2.76 + 4,38 
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Osi, N = 10 P<0.005 
Ofolixe 4-9 
SEE (y,x) = 5.42 cm/sec 


ee eet 


Similarly, in 8 patients, peak mitral closing acceleration correlated closely 
(r= 0.91) to peak aortic ejection velocity as shown in Figure 31. This is similar 


to the 12 cuff-probe dogs (r = 0.83). The data are summarized below: 


Peak mitral closing acceleration (y) Peak aortic ejection velocity (x) 
Mean 1017.4 cm/sec? 33.5 cm/sec 
SE +176 + 4,85 
eee) N=8 P<0.005 


yo=33.01x = 88.709 
SEE (y,x) = 222 cm/sec? 


There were only four patients in whom aortic acceleration was measured, The 
correlation coefficients with mitral closing velocity and acceleration were 0.24 and 


0.44 respectively, but the number of patients is too small for meaningful analysis. 
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DISCUSSION 


The task of the physician in making a complete cardiac diagnosis is not only to 
assess the degree of functional impairment produced by various diseases but to develop 
a rational plan of treatment and to evaluate the effectiveness of his treatment. 
Physiologic techniques are essential for the precise and objective assessment of cardiac 
function in order to support and provide quantifiable equivalents of clinical examination. 
It is generally accepted that the clinical value of echocardiography lies in its 


non-invasive methodology, providing an opportunity to repeat measurements in a 


: Set! : : 
serial ich. ” However, the use of diagnostic ultrasound for quantitative analysis 


of ventricular function requires experienced and meticulous technique to obtain the 


(12, 21, 88) 


high quality echocardiograms needed for such analysis Furthermore, 


the value in coronary artery disease, which plagues the adult population of the western 
world is limited by geometric assumptions made in deriving estimates of function from the 
quantitative data. 


Thus, all the conventional echo methods for calculating left ventricular volumes, 


(2-12) 


stroke volume, ejection fraction and cardiac output are limited by assumptions 


of ellipsoid shape of the heart, constant relationships between the axes, and uniformity 


(11, 17, 136-138) 


of contraction. Improved quantitative methods have been proposed 


but they also suffer from the same drawbacks, albeit to a lesserdegree. In addition, 


loading conditions affect all these derived indices to lesser or greater degree. A 


(22 , 23) 


new approach suggested by Lalani and Lee assumes a direct relation between 


the final closure slope of the mitral valve echogram and the aortic ejection velocity 
and acceleration. This assumption was based on suggestions of cardiac mechanics 


by Pena, and investigations using the Doppler method by Yoshitoshi et alee: 


While it is generally agreed that left ventricular function is probably better characterized 


by Pein aortic velocity has also been shown to be a sensitive index 


of pump fonction os Furthermore moplec @ proposed aortic acceleration as a more 
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60 
sensitive index of contractile function than dp/dt. However, like Teo aortic 
acceleration appears to be influenced by preload and afteriedd es 

In the animal studies described in this thesis, close correlation was found between 
peak AMVL closing velocity and (1) peak aortic velocity and acceleration, and (2) peak 
dp/dt. A similar close correlation was demonstrated between the peak AMVL accelera- 
tion and these parameters, but the correlation was no better than with peak AMVL 
velocity. This may reflect a limitation of the methodology employed. A significant 
correlation was also demonstrated between dp/dt and (1) peak aortic velocity and (2) 
peak aortic acceleration. Again aortic acceleration did not seem to correlate better 
than aortic velocity to the peak dp/dt. Moreover, following coronary artery ligation, 
or propranolol, reductions in both peak aortic ejection velocity and peak aortic 
acceleration preceded that of the dp/dt by several seconds, in support of Noble's 
fipaingee. : 

In the human studies, similar strong correlations were found between peak mitral 
closing velocity and acceleration and (1) peak dp/dt, and (2) peak aortic velocity. 
Weaker correlations were found between these parameters and, in decreasing order, 
resting LVEDP, cardiac output and ejection fraction. Similarly peak aortic velocity 
correlated poorly with resting LVEDP, or ejection fraction. These findings are similar 


(33) 


to those of Kolettis and his associates’~~’ who measured peak aortic velocity and 
acceleration by means of a catheter probe in 40 patients. Correlation coefficients 

in their study, between peak aortic velocity and acceleration to ejection fraction were 
0.272 and 0.279 respectively. The r values for the relation of the same parameters 

to peak dp/dt were 0.318 and 0.289 respectively. They concluded that peak aortic 
velocity and acceleration failed to discriminate between good, moderate and poor 


left ventricular function and suggested various ways to normalize the values in order 


to increase the discriminant value. 
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The peak mitral closing velocity and acceleration in our hands provided some 
separation of patients with various diseased states, although more patients need to 
be studied. One might argue that the mitral valve closing velocity is more likely 
to be affected by preload and contractility rather than afterload, since mitral 
closure is completed prior to aortic ejection. It follows from that, since the final 
or BC portion of mitral closure is influenced by forces generated in the early isovolumic 
period, the initial impulse causing the final closure may be different from that con- 
tributing to aortic acceleration. Noble and associates\277 §7) have suggested that 
inertiance dominates the opposition to left ventricular ejection at the time of maximum 
acceleration, Thus, although mitral closing velocity or acceleration correlates well 
with aortic ejection velocity, it does not follow that it either should correlate better 
with aortic acceleration, In our animal experiments, acute changes in afterload 
did produce significant changes in mitral closing velocity or acceleration. 

Thus, the peak mitral closing velocity and acceleration can be used in patients 
without mitral and gortic valvular heart disease as an index of peak aortic ejection 
velocity and peak aortic acceleration, and left ventricular contractile function. 
Although the results also suggest that these indices may reflect contractile properties 
of the left ventricle in the presence of aortic and mitral valve disease, the numbers 
of these patients were too few, and more patients with these conditions need to be 
studied. Also, it is not suggested that these indices are superior than peak dp/dt 
in providing an estimate of contractile function of the heart. 

This method of assessing left ventricular function does not depend on the 


assumptions made in conventional methods and the results seem to be unaffected 
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by contraction abnormalities. Although it is a technically easier methods, there 
are several limitations in its present form: 
(1) Further studies need to be done with controlled preload, afterload and heart 
Tote. 
(2) Further studies are needed in patients with mitral and aortic valve disease. 
(3) Further studies need to be done in the presence of arrhythmias. 
(4) The electronic system needs to be further developed for on-line digitization 


and digital display of the results. 


seks inale idl avotival Wine Sat shson melee 
thes aft Ye yolaatls te 


(1) 


(2) 


(3) 


(4) 


CONCLUSIONS 
The manually drawn final AMVL closure slope corresponding to the BC 
portion of the echogram is reated to peak aortic ejection velocity, peak 
aortic acceleration, and the first and second derivatives of left ventricular 
pressure rise in dogs and man. 
The electronically derived peak AMVL closing velocity and acceleration 
in dogs significantly correlate with peak aortic ejection velocity, peak aortic 
acceleration, and dp/dt and reflect the directional changes in contractility 
produced by interventions. 
The electronically derived peak AMVL closing velocity and acceleration was 
easily obtained in man, and correlated significantly with peak aortic velocity 
and peak dp/dt, suggesting that they can provide reliable and non-invasive 
estimates of left ventricular contractile function in man. 
The electronically derived peak AMVL closing velocity and acceleration may 
be useful in estimating left ventricular contractile function in various disease 


states in man. 
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Figure6 FIRST AND SECOND DERIVATIVES OF AMVL ECHO 
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Figure 7? MECHANICAL ALTERNANS IN THE 
ANAESTHETISED DOG 
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Figure 21: Relation Between Peak Aortic Ejection Velocity and Peak dp/dt in 12 Dogs 
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Figure 24: Relation Between Peak do/dt and Peak d2P/dt2 in 12 Dogs 
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